We demonstrate that engineered artificial gold chiral nanostructures display significant levels of non-linear optical activity even without plasmonic enhancement. Our work suggests that although plasmonic excitation enhances the intensity of second harmonic emission it is not a prerequisite for significant non-linear (second harmonic) optical activity. It is also shown that the non-linear optical activities of both the chiral nanostructures and simple chiral molecules on surfaces have a common origin, namely pure electric dipole excitation. This is a surprising observation given the significant difference in length scales, three orders of magnitude, between the nanostructures and simple chiral molecules. Intuitively, given that the dimensions of the nanostructures are comparable to the wavelength of visible light, one would expect non-localised higher multipole excitation (e.g. electric quadrupole and magnetic dipole) to make the dominant contribution to non-linear optical activity. This study provides experimental evidence that the electric dipole origin of non-linear optical activity is a generic phenomenon which is not limited to sub-wavelength molecules and assemblies. Our work suggests that viewing nonplasmonic nanostructures as "meta-molecules" could be useful for rationally designing substrates for optimal non-linear optical activity.
Introduction
Chiral plasmonic metamaterials have provoked considerable interest due to their unique optical properties. These materials can, inter alia, provide a route to negative refraction, 1 act as broad band polarisers, 2 and be used for ultrasensitive detection and characterisation of biological materials. 3 The non-linear optical properties, and second harmonic generation (SHG) in particular, of plasmonic nanomaterials is currently a fertile area of investigation. 4 Here we present an investigation of the origins of the non-linear optical activity displayed by chiral plasmonic planar nanomaterials using non-resonant optically active (OA)-second harmonic generation (SHG). We are able to probe the microscopic origins of the optical activity of the plasmonic metamaterials by utilising non-resonant scattering conditions. From measurements on le-and right-handed nanostructured substrates as well as racemic (both le and right in equal ratio) mixtures we have been able to demonstrate optical activity for off-resonance fundamental and second harmonic (SH) wavelengths. Crucially, by being able to model the SH emission using a plane wave based formalism valid for off-resonance scattering, since localised evanescent elds are not produced, we show that optical activity displayed by the chiral plasmonic materials is predominately electric dipole in origin. This is an unexpected result given that for metamaterials consisting of nanostructures with dimensions comparable to the wavelength of light, it would be expected that non-localised higher multipole excitation would make the dominant contribution to nonlinear optical activity. Electric dipole excitation is the principal contribution in non-linear optical activity from aligned molecular chiral media. Our work suggests that the paradigm of articial molecules, 5 can be extended to rationalising the origins of optical activity in nanomaterials, thereby providing a framework for the rational design of nanomaterials for optimal non-linear optical activity.
Although less extensively studied than molecular systems there is growing activity in SHG measurements of planar (plasmonic) nano/metamaterials. The SHG studies of plasmonic nanomaterials reported to date 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have focussed on resonantly excited systems i.e. a plasmonic mode of the nanostructure overlaps the wavelength of the incident fundamental light. Under such resonant conditions localised high intensity evanescent EM elds are generated in the vicinity of the nanostructure surfaces, resulting in a strongly varying eld distribution over the nanostructure. Valev and co-workers have imaged these localised elds, or hot spots, in SHG microscopy experiments on micron sized nanostructures.
10 Resonant excitation, and the subsequent generation of hot spots, leads to enhanced SH emission when compared to an unstructured surface. However, the presence of the hot-spots also means the properties of the nanostructures, in particular the second order susceptibility (c 2 ), exhibit strong spatial variation over the length scale of a wavelength. Therefore, SHG emission cannot be interpreted with the formalism used for molecular materials, which assumes a homogeneous c 2 . To overcome such difficulties, Kauranen and co-workers have introduced the concept of a macroscopic nonlinear response tensor (NRT), which treats the sample as a 'black box', with the input and output radiation elds being the important parameters. 14, 18, 19 Clearly, the microscopic origins of the SH emission is not an intrinsic parameter to the modelling in this approach.
Since in the present study we performed SHG under a nonresonant condition, there were no strongly spatially varying elds across the nanostructures. Hence the properties of the substrates can be assumed to be homogeneous and the plane wave based formalism used to describe molecular systems is valid for the metamaterials studied, and the microscopic origins of the SHG response can be determined.
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Optically active second harmonic generation (OA-SHG), utilising a range of measurement methodologies, has been widely used to probe the structure, including chirality, of (bio)molecular materials, [24] [25] [26] [27] [28] [29] [30] and adsorbate-induced chiral perturbations of the electronic structure of achiral metal surfaces. [31] [32] [33] The non-linear optical activity displayed by chiral metamaterials has been investigated less extensively. 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The focus of these studies has primarily been to utilise OA-SHG measurements to detect the chirality of the component nanostructures, and have not focussed on the origins of the non-linear optical activity.
Unlike linear optical activity in bulk isotropic chiral media, which requires interference between electric and magnetic dipole excitation, 34 linear and non-linear optical activity of chiral interfaces can originate in pure electric dipole, electric quadrupole, and magnetic dipole excitations. [21] [22] [23] [24] 35, 36 The relative contributions of electric dipole and higher multipole terms, magnetic dipole and electric quadrupole, to non-linear optical activity has been an area of discussion in the literature. The current consensus is that pure electric dipole excitation is the dominant contribution to non-linear optical activity of molecular systems, 28 although there is an example of where higher multipole contributions are comparable to electric dipole.
37
Initially the large asymmetries observed in non-linear optical activity of molecular monolayers was used as prima facie evidence for the dominant contribution of electric dipole excitation. 30 Subsequently, this hypothesis was more rmly established by both experiment [38] [39] [40] and theory.
36
The nanostructures studied in the present work display chirality on a signicantly longer length scale, hundreds of nm, than the molecular and supramolecular systems previously investigated with non-linear techniques. [24] [25] [26] [27] [28] [29] [30] Since the dimensions of the nanostructures are comparable with the wavelength of the fundamental and SH light, intuitively one may expect the relative contribution of non-localised higher multipole excitations to non-linear optical activity to be increased compared to molecular/supramolecular systems. This is the question that the current study seeks to address.
Experimental
We performed measurements on planar chiral nanostructured continuous lms which were produced using electron beam lithography. The le-handed, right-handed and racemic nanolms were fabricated in a two-step process. Firstly, gammadian structures of length 400 nm and thickness 130 nm (plus a 5 nm Ti adhesion layer) were fabricated on a native oxide covered silicon substrate and arranged in a square lattice with a periodicity of 800 nm. The substrates consisted of alternate 320 Â 320 mm squares of nanostructures and bare substrate arranged in a checker board pattern to cover a total area of 4.8 Â 4.8 mm. Subsequently, these structures were covered with a 60 nm thick Au lm. SEM images of the le, right and racemic structures are shown in Fig. 1 .
To investigate the origin of the SHG we used a method previously applied to chiral molecular layers. [24] [25] [26] [27] [28] [29] [30] This involves measuring the dependence of the s-or p-polarised components of the SH emission on the orientation of the linearly polarised incident light with respect to the scattering plane (denoted by the angle q). The OA-SHG measurements were performed using a system described in detail elsewhere [31] [32] [33] 41 and which utilises a Nd:YAG pulsed laser (Quanta Ray Coherent Ltd) (8 ns, 1064 nm). The light was incident at the sample at an angle of 60 to the surface normal (see ESI †). Neither the fundamental (1064 nm) nor the SH (532 nm) wavelengths were resonant with any plasmonic mode of the nanomaterials (see ESI †). This was veried by extinction spectra collected from the substrates. The data were collected using energy densities of 5.3 mJ cm À2 over an area of $1 cm 2 . That this was insufficient to cause damage to the nanomaterials was conrmed by SEM measurements post laser irradiation (Fig. 1 ).
Theory
The electric dipole and higher multipole contributions to the SHG signal can be analysed through angle dependent measurements to yield the origin of the SHG emission, 23, 35, 37, 42, 43 which enables the amplitude of the SH electric eld observed in a (OA-)SHG measurement to be expressed as where f i , g i and h i are expansion coefficients which depend linearly on the components of the various susceptibility tensors; the exact nature of the coefficients depend on which multipole contributions are included in the theory. Coefficients have been derived previously to include up to magnetic dipole and electric quadrupole contributions.
23,35,37,42,43
The tensor elements included in f i , g i and h i for isotropic, C N symmetry surfaces have been derived elsewhere, 23, 30, 40 and are identical to those for the C 4 symmetry surfaces studied in this work. 34, 44 For clarity, a brief description of the symmetry properties of the relevant tensor components will follow. The electric dipole tensor c eee is a third rank tensor with all indices associated with polar vectors. The "magnetic" tensors c mee and c eem are also third rank tensors, but only two of the indices are associated with polar vectors (electric quantities), the remaining index is associated with an axial vector (magnetic quantities). Thus, any improper transformation (reection or inversion) leads to a different sign between the respective components of c eee and the magnetic tensors. For surfaces with C 4 symmetry, the following components are allowed for all third rank tensors: zzz, zii (i ¼ x, y) and ijk (where i, j and k are all different and any permutation of indices is allowed). The electric dipole tensor component c eee xyz is only non-zero for chiral surfaces; in contrast for c mee and c eem , the xyz component (or any permutation) is allowed for all achiral surfaces, whereas the other remaining components are only non-zero for chiral interfaces. The electric quadrupole tensors c Qeee and c eeeQ are fourth ranked for which all indices are associated with polar vectors. C 4 surface symmetry allows components with zzzz, iiii, iijj, iizz, iiij and ijzz character (i, j ¼ x, y, i s j) of which the last two vanish for achiral surfaces. The electric quadrupole and magnetic dipole elements cannot be distinguished based solely on symmetry properties. Consequently, for the type of OA-SHG measurement we have performed they are generally considered as a combined single higher multipole term. 40 Kauranen et al. 43 have reformulated f i , g i and h i (where i ¼ s, p) to separate out the electric dipole (ED) and combined magnetic dipole and electric quadrupole (MD/ EQ) terms:
The multipole terms for f i , g i and h i have magnetic dipole and electric quadrupole tensor elements in common. Based on the symmetry properties of the tensor elements that constitute f
and h ED i , the coefficients f s , g s and h p are only non-zero for chiral interfaces and reverse sign on changing the handedness of the surfaces. It is important to note that in contrast to the other terms, g s only depends on a multipole contribution. As will be seen later, the observation of a zero value for g s is the basis of our assignment of an electric dipole mechanism.
Since E p ¼ E cos q and E s ¼ E sin q, where E is the intensity of the incident eld and q is the angle of the electric eld vector with respect to the scattering plane, the dependence of SH emission for a particular SH polarisation (i ¼ s or p) is
Eqn (3) can be simplied by dening real coefficients,
and hence,
An expression with an identical form to eqn (9) has been used previously for the SH emission from nanoparticles in solution, [45] [46] [47] [48] derived using a framework developed by Dadap et al. 49 However, the interpretation of the coefficients is fundamentally different for nanoparticles and surfaces. For the case of nanoparticles, using the Dadap framework, electric quadrupole and magnetic dipole contributions are separable in an experimental measurement. 23 Capretti et al. subsequently tted (resonant) SH data from periodic arrays of nanoparticles deposited on substrates using eqn (9) based on the interpretation of the tting parameters for solution phase nanoparticles.
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Using eqn (4-9), and the fact that f s , g s and h p are only nonzero for chiral surfaces, an effective list of "selection rules" for the coefficients a i , b i , g i , d i and 3 i can be formulated which predict how, based solely on symmetry, they respond to surface chirality (ESI †). Although the assumption that f s , g s and h p are only non-zero for chiral molecular monolayers 25, 28, 29 holds well, it can break down for nanostructures. This is because the higher multipole excitations (magnetic dipole and electric quadrupole) generate emission from the non-chiral, and centrosymmetric, gold crystallites which make up the nanostructures.
15,16,51,52
Consequently, coefficients which should formally be zero for a nonchiral structure may well be non-zero for nanostructures. The enhanced multipolar SH emission from the achiral bulk of nanostructures has previous been attributed to both retardation effects and the presence of (atomic scale) defects in the nanostructures.
Results and discussion
The SHG measurements, Fig. 2 , are displayed using polar plots. Zero degrees corresponds to the electric eld vector of the incident beam being parallel to the scattering plane (p-polarised); at 90 the electric eld vector is normal to the scattering (s-polarised). Due to the checker board structure of the substrates, the SH signals will have a 50 : 50 contribution from both plain Au and nanostructured regions. Consequently, three ts are shown with each set of experimental data in Fig. 2 : a t for the 60 nm thick plain Au substrate (reduced by 50%); and a t for the collected data minus the 50% plain Au prole, which is effectively the prole of the nanostructured regions; and a sum of the two ts. It is important to note that there was no enhancement in the SH emission intensities from the nanostructured substrates relative to the plain Au lms, indicative of the non-resonant scattering conditions used in the measurements.
From inspection of the plots in Fig. 2 it can be seen that the p-polarised emission plots do not display a signicant level of chiral asymmetry between enantiomeric structures. In contrast, s-polarised proles have a far more complex dependence and display signicant asymmetry between enantiomeric structures. The intensity of s-polarised emission is an order of magnitude less than for p-polarised; so these proles have a greater degree of scatter between experiments as represented by the error bars in the plots. A feature shared by all the proles (s and p) collected from the nanostructured substrates, and the s-polarised prole for the 60 nm Au lm, is that they are not symmetric about the scattering plane (0 on the plot). This behaviour was observed in a previous SHG study of plasmonic nanostructured materials. 50 As will now be discussed, this asymmetry is due to both chirality-dependent electric dipole contributions and (achiral) bulk higher multipole contributions to the SH emission. Tables 1 and 2 show the measured coefficients for the ts of the 60 nm thick Au lm and the nanostructured regions shown in Fig. 2 . The p-polarised prole for the 60 nm thick Au lm is tted with only the symmetry allowed coefficients a p , b p and g p . In contrast, the s-polarised proles for the 60 nm thick Au lm require all ve tting coefficients even though only b s is symmetry allowed for surface emission. b s is, however, the Fig. 2 Dependence of the p-and s-polarised emission of the SHG emission on the pump polarisation orientation, q, (scatter plots) together with fits to Au by eqn (9) (red fits to 60 nm thick Au film reduced by 50%, blue is a fit to the experimental data minus 50% of the 60 nm thick Au film, and black is the sum of two fits). largest coefficient, being three times larger than d s and at least an order of magnitude bigger than the other three. As explained above, the reason for the non-zero values for the symmetry forbidden coefficients is due to the emission from the bulk gold.
The s-polarised proles for the nanostructured substrates exhibit behaviour consistent with a chiroptical response: le, right and racemic proles differ; the racemic prole is equivalent to a 50 : 50 mixture of those obtained from le-and righthanded substrates. The chiral sensitivity displayed by these proles demonstrate that the s-polarised SH signal is not dominated by multipolar bulk emission. The presence of defects, atomic scale and larger scale heterogeneities produced in the fabrication process, can enhance higher multipole bulk SH emission. Consequently high atomic defect densities and/or poor quality fabrication can lead to SH emission dominated by higher multipole effects. 53 Furthermore, the observation that the racemic prole is equivalent to a 50 : 50 mixture of le and right indicates that the samples display similar levels of higher multipole bulk emission: this implicitly suggests that the three samples have similar levels of defects. The s-proles for the nanostructured contributions are tted to a s , b s and d s ; only the latter parameter exhibits a signicant change between le, right and racemic substrates within the precision of our measurements.
The s-polarised tting parameters are entirely self-consistent. Since g s ¼ 0, then from eqn (6), g s ¼ 0. This means that, since 3 s is dependent on g s (as per eqn (8)), then it also must equal zero. Another effect of g s being equal to zero is that, from eqn (5), b s ¼ |h s | 2 , which means that b s is not sensitive to chirality. Consequently the only parameter which should be sensitive to chirality is d s , which is what is seen. Although d s displays the expected sensitivity to chirality, it also must have a contribution from the multipole emission from the achiral bulk of the nanostructures, since for "pure" chiral emission d s would have to be of equal magnitude but of a different sign for le and right-handed substrates, and importantly it would also be zero for the racemic structure, which it is not. The relative bulk and chiral contributions to the d s value can be described by 
The p-polarised nanostructured proles, in contrast to the 60 nm Au lm, are also only tted with three parameters a p , b p and d p ; the latter shows a slight chiral sensitivity, with d
¼ 0:08 AE 0:05. The reduction in chiral sensitivity in the p-polarised measurements is indicative of the SH signal being dominated by bulk multipole emission to a greater extent than for s-polarised emission. It should also be pointed out that
ratio also parameterises the chiral asymmetry in the SH response between le and right hand substrates. The level of asymmetry observed, 10-100%, is of the same order of magnitude as that observed in noble metal structures under plasmonic resonance conditions.
4,6-16
The tting procedure provides evidence on the origins of non-linear optical activity displayed in the s-polarised data, in particular the fact that g s is equal to zero is highly informative. The chiral dependence of g s derives solely from multipole (magnetic dipole and electric quadrupole) tensor elements; indeed non-zero values of g s have been used in previous studies to indicate higher multipole contribution to optical activity. 37 Since, within the precision of our measurements, we have a zero value for g s , this indicates that the dominant contribution to optical activity is c eee xyz , the chirally-dependent electric dipole term.
23

Conclusions
We have demonstrated that, under non-resonance conditions, chiral gold nanostructures display signicant levels of optical activity, tens of percent, comparable to values observed with plasmonic enhancement. 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] This clearly shows that plasmonic excitation is not a prerequisite for non-linear optical activity in chiral noble metal nanomaterials. The non-linear optical activity of chiral metamaterials is dominated by the electric dipole, rather than the (non-localised) higher multipole interactions. When placed in context with the results of previous non-linear optical activity studies, this suggests that the dominance of the electric dipole contribution to non-linear optical activity spans a length scale from the molecular to hundreds of nanometres, i.e. it is a generic phenomenon not conned to sub-wavelength structures. Although the paradigm of articial molecules 5 has been used to rationalise the plasmonic properties of individual and assemblies of nanostructures, our study would suggest that a "molecular" view of non-plasmonic nanostructures may be useful for rationally designing metamaterials for optimal non-linear optical activity.
